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[57] | ABSTRACT

A magnetoresistive layered structure having a pair of mag-
netoresistive, anisotropic ferromagnetic thin-films separated
by an intermediate layer on a substrate of less than 50 A
thickness formed of a substantially nonmagnetic, conductive
alloy having two immiscible components therein.
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MAGNETORESISTIVE STRUCTURE WITH
ALLOY LAYER HAVING TWO
SUBSTANTIALLY IMMISCIBLE
COMPONENTS

This invention was made with Government support
under Contract DASG 60-C-0073 awarded by the U.S.
Army. The Government has certain rights in the invention.

This 1s a Continuation of application Ser. No. 07/976,
9035, filed Nov. 6, 1992, now abandoned.

BACKGROUND OF THE INVENTION

The present invention relates to ferromagnetic thin-fil
structures and, more particularly, to ferromagnetic thin-film
structures exhibiting relatively large magnetoresistive char-
acteristics.

Many kinds of electronic systems make use of magnetic
devices. Digital memories are used extensively in digital
systems of many kinds including computers and computer
systems components, and digital signal processing systems.
Such memories can be advantageously based on the storage
of digital bits as alternative states of magnetization in
magnetic materials in each memory cell, particularly in cells
using thin-film magnetic materials, resulting in memories
which use less electrical power and do not lose information
upon removals of such electrical power.

Magnetometers and other magnetic sensing devices are
also used extensively in many kinds of systems including
magnetic disk memories and magnetic tape storage systems
of various kinds. Such devices provide output signals rep-
resenting the magnetic fields sensed thereby in a variety of
situations.

Such memory cells and sensors can often be advanta-
geously fabricated using ferromagnetic thin-film materials,
and are often based on magnetoresistive sensing of magnetic
states, or magnetic conditions, therein. Such devices may be
provided on a surface of a monolithic integrated circuit to
provide convenient electrical interconnections between the
device and the operating circuitry therefor.

Ferromagnetic thin-film memory cells, for instance, can
be made very small and packed very closely together to
achieve a significant density of information storage, particu-
larly when so provided on the surface of a monolithic
integrated circuit. In this situation, the magnetic environ-
ment can become quite complex with fields in any one
memory cell affecting the film portions in neighboring
memory cells. Also, small ferromagnetic film portions in a
memory cell can lead to substantial demagnetization fields
which can cause instabilities in the magnetization state
desired in such a cell.

These magnetic effects between neighbors in an array of
closely packed ferromagnetic thin-film memory cells can be
ameliorated to a considerable extent by providing a memory
cell based on an intermediate separating material having two
major surfaces on each of which an anisotropic ferromag-
netic memory thin-film is provided. Such an arrangement
provides significant “fiux closure,” i.e. a more closely con-
fined magnetic flux path, to thereby confine the magnetic
field arising in the cell to affecting primarily just that cell.
This 1s considerably enhanced by choosing the separating
material in the ferromagnetic thin-film memory cells to each
be sufficiently thin. Similar “sandwich” structures are also
used in magnetic sensing structures.

In the recent past, reducing the thicknesses of the ferro-
magnetic thin-films and the intermediate layers in extended
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“sandwich” structures having additional alternating ones of
such films and layers, i.e. superlattices, have been shown to
lead to a “glant magnetoresistive effect” being present. This
effect yields a magnetoresistive response which can be in the
range of up to an order of magnitude greater than that due
to the well-known anisotropic magnetoresistive response.

In the ordinary anisotropic magnetoresistive response,
varying differences between the direction of the magnetiza-
tion vector in the ferromagnetic film and the direction of the
sensing current passed through the film lead to varying
differences in the effective electrical resistance in the direc-
tion of the current. The maximum electrical resistance
occurs when the magnetization vector in the film and the
current direction are parallel to one another, while the
minimum resistance occurs when they are perpendicular to
one another. The total electrical resistance in such a mag-
netoresistive ferromagnetic film can be shown to be given by
a constant value, representing the minimum resistance, plus
an additional value depending on the angle between the
current direction in the film and the magnetization vector
therein. This additional resistance follows a square of the
cosine of that angle.

As a result, operating external magnetic fields can be used
to vary the angle of the magnetization vector in such a film
portion with respect to the easy axis of that film portion
which comes about because of an anisotropy therein typi-
cally resulting from depositing the film in the presence of a
fabrication external magnetic field oriented in the plane of
the film along the direction desired for the easy axis in the
resulting film. During subsequent operation of the device
with the resulting film, such operating external magnetic
fields can vary the angle to such an extent as to cause
switching of the film magnetization vector between two
stable states which occur as magnetizations oriented in
opposite directions along that easy axis. The state of the
magnetization vector in such a film portion can be measured,
or sensed, by the change in resistance encountered by
current directed through this film portion. This arrangement
has provided the basis for a ferromagnetic, magnetoresistive
anisotropic thin-film to serve as part of a memory cell.

In contrast to this arrangement, the resistance in the plane
of a ferromagnetic thin-film is isotropic with respect to the
giant magnetoresistive effect rather than depending on the
direction of a sensing current therethrough as for the aniso-
tropic magnetoresistive effect. The giant magnetoresistive
eifect has a magnetization dependent component of resis-
tance that varies as the cosine of the angle between mag-
netizations in the two ferromagnetic thin-films on either side
of an intermediate layer. In the giant magnetoresistive effect,
the electrical resistance through the “sandwich” or superlat-
tice is lower if the magnetizations in the two separated
ferromagnetic thin-films are parallel than it is if these
magnetizations are antiparallel, i.e. directed in opposing
directions. Further, the anisotropic magnetoresistive effect in
very thin-films is considerably reduced from the bulk values
therefor in thicker films due to surface scattering, whereas
very thin-films are a fundamental requirement to obtain a
significant giant magnetoresistive effect.

In addition, the giant magnetoresistive effect can be
increased by adding further alternate intermediate and fer-
romagnetic thin-film layers to extend a “sandwich” or super-
lattice structure. The giant magnetoresistive effect is some-
times called the “spin valve effect” in view of the
explanation that a larger fraction of conduction electrons are
allowed to move more freely from one ferromagnetic thin-
film layer to another if the magnetizations in these layers are
parallel than if they are antiparallel with the result that the
agnetization states of the layers act as sort of a valve.
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These results come about because of magnetic exchange
coupling between the ferromagnetic thin-films separated by
the intermediate layers, these intermediate layers typically
formed from a nonferromagnetic transition metal. The effect
of the exchange coupling between the ferromagnetic thin-
fllm layers is determined to a substantial degree by the
thickness of such an intermediate layer therebetween. The
effect of the coupling between the separated ferromagnetic
thin-film layers has been found to oscillate as a function of
this separation thickness between these layers in being
ferromagnetic coupling (such that the magnetizations of the
separated layers are parallel to one anther) and antiferro-
magnetic coupling (such that the magnetizations of the
separated layers are opposed to one another, or antiparallel
to one another). Thus, for some separation thicknesses, the
layer coupling will be of zero value between extremes of
such oscillations.

Exhibiting the giant magnetoresistive effect in a superlat-
tice structure, or in an abbreviated superlattice structure
formed by a three layer “sandwich” structure, requires that
- there be arrangements in connection therewith that permit
the establishment alternatively of both parallel and antipar-
allel onentations of the magnetizations in the alternate
ferromagnetic thin-film layers therein. One such arrange-
ment 1S to have the separated ferromagnetic thin-films in the
multilayer structure be antiferromagnetically coupled but to
a sufiiciently small degree so that the coupling field can be
overcome by an external magnetic field.

Another arrangement is to form the ferromagnetic thin-
film layers with alternating high and low coercivity mate-
rials so that the magnetization of the low coercivity material
layers can be reversed without reversing the magnetizations
of the others. A further alternative arrangement is to provide
“soft” ferromagnetic thin-films and exchange couple every
other one of them with an adjacent magnetically hard layer
(forming a ferromagnetic thin-film double layer) so that the
ferromagnetic double layer will be relatively unaffected by

externally applied magnetic fields even though the magne-

tizations of the other ferromagnetic thin-film layers will be
subject to being controlled by such an external field.

One further alternative arrangement, related to the first, is
to provide such a multilayer structure that is, however,
etched into strips such that demagnetizing effects and cur-
rents 1n such a strip can be used to orient the magnetizations
antiparallel, and so that externally applied magnetic fields
can orient the magnetizations parallel. Thus, parallel and
antiparallel magnetizations can be established in the ferro-
magnetic thin-films of the structure as desired in a particular
use. Such a structure must be fabricated so that any ferro-
magnetic or antiferromagnetic coupling between separated
ferromagnetic films is not too strong so as to prevent such
establishments of film magnetizations using practical inter-
connection arrangements.

A broader understanding of the giant magnetoresistance
effect, 1.e. the spin valve effect, can be obtained by consid-
ering a generalized multilayer structure shown in FIG. 1 and
ignoring, for simplicity though this is not necessary, the
ordinary anisotropic magnetoresistive effect. The structure is
typically provided on a semiconductor chip, 10, having
suitable operating circuitry therein. An electrical insulating
layer, 11, supports N identical ferromagnetic thin-film con-
ductive layers, each separated from an adjacent one by one
of N-1 identical nonmagnetic, conductive intermediate lay-
ers to form a superlattice structure. A highly resistive outer
passivation layer, 13, covers this structure, and suitable
electrical interconnections are made to the conductive layers
but not shown. The conductance of this superlattice structure
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will be the sum of the conductances of the individual Iayers
which are effectively electrically in parallel with one .
another, but the giant magnetoresistive effect introduces
magnetization dependence in the ferromagnetic thin-films.
In the following, a possible model is developed to an extent
as a basts for gaining a better understanding of the electrical
and magnetic behavior of this structure, but this model is
simplified by approximations and not all would agree with
every aspect of the approach chosen.

The conductance of very thin-films is highly dependent on
surface scattering if the mean-free path of conduction elec-
trons in the bulk material of the films is equal to or longer
than the thickness of the films. The ratio of the film con-

ductivity to the conductivity of the film material in bulk can
be expressed as a function of the ratio of the film thickness
to the mean-free path of electrons in bulk material identical
to the film matenal by the well known Fuchs-Sondheim
conduction model assuming inelastic scattering at the film
surfaces, or by other associated models taking further con-
ditions into account such as grain boundary scattering and
other surface scatterings.

The magnetization dependence in the ferromagnetic thin-
films leading to the giant magnetoresistive effect appears
dependent on the ratio of spin up to spin down electrons in
the 3D shell of the transition elements used in the ferro-
magnetic thin-films, i.e. the spin polarization P of the
conduction electrons. The fraction f of 3D electrons which
are spin up have typical values of 0.75 for iron, 0.64 for
cobalt and 0.56 for nickel. Conduction electrons in metals
are normally S shell electrons which theoretically would be
equally divided between spin up and spin down electrons.
However, because of band splitting, the conduction elec-
trons 1n the magnetic layers are assumed to have a fraction
of spin up electrons like that of the electrons in the 3D shell.
The spin polarization is then determined from P=2f—1. Such
electrons are assumed in encounters with atomically perfect
boundaries between the magnetic layers, including in this
boundary the thin nonmagnetic, conductive intermediate
layer therebetween, to be either scattered inelastically or
pass ireely into the next magnetic layer.

In view of the observed spin polarization, the simplifying
assumption is made that the probability of a spin up electron
not being scattered in entering a material having a majority
of spin up electrons is approximately equal to the fraction of
the electrons in the conduction band which are spin up, and
that the probability of a spin down electron going into the
same material not being scattered is equal to the fraction of
the electrons in the conduction band which are spin down.
Changing the magnetization directions between parallel and
antiparallel in adjacent ferromagnetic thin-films changes the
conduction band electrons in the films from having matching
spin up and spin down fractions in each to having opposite
spin up and spin down fractions in each. Thus, a larger
fraction of the electrons in the superlattice structure will be
scattered when the magnetizations in the ferromagnetic
thin-films are antiparalle] as compared to when they are
parallel, since more than half of the electrons in the con-
duction band are spin up in view of the spin up fraction
values given above. If the ferromagnetic thin-films are
scparated by a conductor layer which preserves the spin of
the conduction electrons in passing therethrough, some
conduction electrons can pass from one layer to the other
without collisions and so can travel through effectively a
thicker layer than those which are scattered to thereby be
contined within a single layer. As a result, the scattered
clectrons can follow paths having a significantly lower
conductivity and so, if the ferromagnetic films are oppo-
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sitely magnetized, there will be a greater effective resistance
in the structure. This view of the conduction electron trans-
port between ferromagnetic thin-film layers can be adjusted
for imperfections at the boundaries between adjacent ferro-
magnetic thin-films for conduction band electrons, which
would not be scattered because of the spin thereof, may
instead be scattered by physical imperfections at the bound-
ary.

Based on the foregoing, the effective conductivities for
parallel and antiparallel magnetization states in the super-
lattice structure can be determined, and subtracted from one
another to provide the ratio of change in effective conduc-
tivities of the ferromagnetic thin-films, due to a correspond-
ing change between parallel and antiparallel magnetizations
in those films, to the average conductivity in those films. The
~ result of this determination must have added to it the
conductivities of the nonmagnetic, conductive intermediate
layers on the basis of those layers having equal populations
of spin up and spin down conduction band electrons, and a
conductivity which does not change with magnetization
directions. In such a setting, the ratio of the difference in
sheet conductances of the superlattice structure when the
ferromagnetic thin-films change magnetization from parallel
to antiparallel, Ay, g, to the average of these sheet con-
ductances, 7y, _,g - can be obtained as

Ayl |

viol TN

*g- LgYmn -+ (2 — @YYm1] + (N — D)gy.1

NqPiEYmN — leL“

1ignoring the ordinary anisotropic magnetoresistance in
obtaining this giant magnetoresistive response as indicated
above. Here q represents physical boundary imperfections,
and 18 the probability that a conduction electron which
would not be scattered because of its spin is also not
scattered by physical imperfections or collisions in the
nonmagnetic, conductive intermediate layers.

The symbol v,,; 1s the sheet conductance in a single
ferromagnetic thin-film, the sheet conductance per unit
square of a thin-film being the conductivity thereof multi-
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plied by the thickness thereof. Thus, Ny, , is the sheet

conductance of N parallel ferromagnetic thin-films. The
symbol v, 18 the sheet conductance of a layer of ferromag-
netic thin-film N times the thickness of a single ferromag-
netic thin-film, and vy,, is the sheet conductance of a non-
magnetic, conductive intermediate layer.

The number N of ferromagnetic thin-films affects the
differences in sheet conductances because of the difference
in conductivity between a ferromagnetic thin-film which is
N layers thick compared to N ferromagnetic thin-films
electrically connected in parallel. The polarization factor P
1s, as indicated above, expected to be important in the giant
magnetoresistive response in representing the fraction of
spin up conduction band electrons, and this expectation is
borme out by the square of that factor appearing in the
numerator of the equation above.

The quality of the interface between the ferromagnetic
thin-films and the nonmagnetic, conductive intermediate
layers 1s important as represented in the last equation by the
symbol q. The largest giant magnetoresistive effect values
have been obtained in material systems where both the
lattice constant of the crystal and the form in the crystal class

of each interface material have been well matched. For.

example, chromium matches the body-centered cubic struc-
ture of iron better than all other natural body-centered cubic
nonmagnetic metals. Copper is similarly the best match for
face-centered cubic cobalt and for face-centered permalloy
mixtures which are quite similar to nickel. Significant mis-
matches will likely give a very low value for q.
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Also, scattering in the nonmagnetic, conductive interme-
diate layers 1s likely if the thickness of those layers is smaller
than the mean-{ree path of conduction electrons in the bulk
film material. 10 Hence, the symbol q will be reduced in
value for thicker intermediate films.

The film thickness also has a significant effect on the ratio

of ¥,.»¥.; With this ratio increasing as the films get thinner,
as shown by the Fuchs-Sondheim conduction modei. The
greatest conductivity difference between parallel and anti-
parallel magnetizations in the ferromagnetic thin-films can
be seen, from the last expression above, to occur in the very
thinnest of magnetic layers were it not for the scattering and
shunting effects of the nonmagnetic, conductive intermedi-
ate layers. However, once the conductance of the magnetic
layers, decreasing in being made thinner, gets to be on the
order of the conductance of the nonmagnetic, conductive
layers, the expression above shows that further decreases in
thickness will reduce the giant magnetoresistive effect.
Thus, for a fixed set of parameters for the nonmagnetic,
conductive intermediate layer, the giant magnetoresistive
effect will have a peak in value at some ferromagnetic
thin-film thickness.

This assumes that the coupling between the structure
ferromagnetic thin-films is also arranged to result in an
operable device since it determines the range of magnetiza-
tion angles which can be achieved in a device for given
values of applied magnetic fields, so sets limits on the
magnetoresistive response. If positive, or ferromagnetic,
coupling is present and too great, the film magnetizations .
will not be sufficiently close to being antiparallel, and
perhaps cannot be made so by passing a sensing-current
through the structure, so that the maximum resistance
expected for the configuration cannot be obtained. On the
other hand, if negative, or antiferromagnetic, coupling is
present and too great, the film magnetizations will not be
sutficiently close to being parallel, and perhaps cannot be
made so by applying an external magnetic field to the
structure, so that the minimum resistance expected for the
configuration cannot be obtained.

Further, there is a limit on the thinness of the nonmag-
netic, conductive intermediate layer because of “pin holes”
occurring therethrough which result in that layer covering
less than 100% of the surfaces of the ferromagnetic thin-
films on either side thereof. These “pin holes” in the
nonmagnetic, conductive intermediate layers are thought to
lead to a current density dependence in the giant magne-
toresistive effect which is not reflected in the last expression
above. Such pin holes in this intermediate layer appear to
result in ferromagnetic coupling between the ferromagnetic
thin-films on either side of that layer in the vicinity of such
holes thereby creating ferromagnetically coupled magnetic
domains in these ferromagnetic thin-films which are other-
wise antiferromagnetically coupled (assuming no external
magnetic fields being applied).

As a result, there appears to be an incomplete saturation
of magnetizations across the superlattice along the easy axes
so that higher currents through the superlattice structure
generate a “'scissoring” magnetic field (a field forcing mag-
netizations in films adjacent an intermediate layer in oppo-
site directions) which counteracts the effects of the pin holes
by forcing the magnetizations in the pin hole domains to
more closely align with the magnetizations in the rest of the
ferromagnetic thin-film in which they occur. Sufficiently
high currents can leave a single domain in each such
ferromagnetic thin-film.

Although the effect of a very low pin hole density can be
perhaps corrected by providing a sensing current of a
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sutficient current density through the superlattice structure,
a relatively small increase in pin hole density will quickly
lead to all of the ferromagnetic thin-films being ferromag-
netically coupled so that the magnetizations therein are in, or
near to being in, a common direction. Such a result will
make the superlattice structure inoperable as a device, and so
there 1S a desire to provide thin nonmagnetic, conductive

intermediate layers with reduced pin hole densities.

SUMMARY OF THE INVENTION

The present invention provides a magnetoresistive lay-
ered structure having a pair of magnetoresistive, anisotropic
ferromagnetic thin-films separated by an intermediate layer
on a substrate, the intermediate layer of less than 50 A
thickness formed of a substantially nonmagnetic, conductive
alloy material. This alloy is formed by having two immis-
cible components therein. One alloy component can be
present in greater proportion than others and can be of a kind
that permits antiferromagnetic coupling between the ferro-
magnetic thin-films. Another alloy component can be
present in an amount sufficient for the alloy to permit
antiferromagnetic coupling between these ferromagnetic
thin-films. The thin-films may be two-strata films each
having a greater magnetic moment statum against the inter-
mediate layer. Further, each strata may be non-magnetostric-
tive so as to result in the thin-film being non-magnetostric-
tive.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a diagrammatic representation of a portion of a
device known in the prior art, and

FIG. 2 is a diagrammatic representation of a portion of a
device embodying the present invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

FIG. 2 shows in diagrammatic form a cross sectional view
of a portion of a superlattice device formed in a monolithic
integrated circuit chip, or on a ceramic substrate, or on other
suitable material. Here, a “sandwich” structure with just two
ferromagnetic thinfilms with general designations F', and F,
1s shown separated by an intermediate layer I', as an
abbreviated superlattice, but additional alternating layer
pairs of intermediate layers and ferromagnetic thin-films
could be provided in a larger superlattice structure to
increase the giant magnetoresistive effect in the same man-
ner as is shown in FIG. 1. FIG. 2 is not to scale, and is not
in proportion, for purposes of clarity, which is also true of
FIG. 1.

The 1ntegrated circuit chip, or other substrate, has again
semiconductor material or other suitable material for sub-
strate 10 which, in the situation of semiconductor material in
an integrated circuit chip, has therein electronic integrated
ctrcuits provided for operating the abbreviated superlattice
structure device thereon. Such a device could be intended for
use as a memory cell in a digital memory or as a magnetic
sensor, for instance. An electrically insulating layer again
designated 11 is once more provide on substrate 10, the
upper surface of layer 11 in the device portion shown
supporting the abbreviated superlattice structure indicated
above. Insulating layer 11 is shown here as two separate
layers, a lower layer, 11' formed of silicon dioxide perhaps
2,000 to 6,000 A thick, and an upper layer, 11" formed of
silicon nitride having a typical thickness of 100 to 1,000 A.
Layers 11" and 11" are typically provided in a well-known
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sputter deposition step. Use of nitride layer 11" prevents
oxygen atoms from diffusing into the layer to be provided
thereon which could chemically attack that layer.

The silicon nitride in layer 11" provides an amorphous
insulator, that is, an insulator without any periodic structure
typical of crystallinity, or, in other words, no long range
atomic or molecular order. Alternatively, layer 11" can be
formed of a material which has the same form in the same
crystallinity class that the next succeeding layer has to
provide a possibly better match between these two materials.
Since a permalloy material will be used in the succeeding
layer in a face-centered cubic structure, an alternative mate-
rial would be magnesium oxide which also has a cubic
structure and a compatible lattice constant.

The next process step in forming the structure of FIG. 2
is the sputter deposition of 40 to 50 A of a permalioy
material comprising 20% cobalt, 15% iron and 65% nickel
in the presence of an external magnetic field in the plane of
the film oriented along a perpendicular to the view shown in
that figure which, as just indicated, results in a film having
a face-centered cubic structure. Also, the composition of this
mixture in forming a permalloy material leaves the layer
with approximately zero magnetorestriction, and the fabri-
cation magnetic field leaves the film easy axis along the
perpendicular followed by the fabrication field. The mag-
netic moment of this material is typically about 12,000
gauss. This is designated in FIG. 2 as component F', _, of film
F';, and 1s the first stratum in two strata first ferromagnetic
thin-film F',.

A second stratum, F', ,, is provided in a sputter deposition
step, performed in the presence of a similar fabrication
magnetic field, as a material formed from 95% cobalt and
5% iron to a thickness of at least 10 A to get the full giant
magnetoresistive effect, and typically of 15 A thickness. The
magnetic moment of this material is 16,000 gauss, a value
higher than that of the magnetic moment of first stratum F', _,
in first ferromagnetic thin-film F';. Since, as a general
matter, the polarization of a material and the magnetic
moment thereof each tend to increase when the other does,
a higher magnetization moment material in the structure
ferromagnetic films gives a larger giant magnetoresistive
response, as can be seen from the expression above where
the square of the polarization appears in the numerator.
Thus, having a ferromagnetic stratum with the greater mag-
netic moment nearest the intermediate layer will typically
result in a larger giant magnetoresistive response.

On the other hand, rotating the film magnetization to
change its direction in second stratum F', , by an external
magnetic field during operation is more difficult in this
harder magnetic material. As a result, providing first stratum
F',.; as a permalloy material which is a softer magnetic
material than that of the second stratum, the magnitudes
required of external magnetic fields in operating the device
will be kept at values which do not require too large a current
to flow 1n the interconnections of the device. Hence, a two
strata ferromagnetic thin-film provides a more optimal fer-
romagnetic thin-film for a superlattice structure intended to
provide a giant magnetoresistive effect response in a mono-
lithic integrated circuit chip. Also, the magnetorestriction for
second stratum F',_, remains near zero so that first ferro-
magnetic thin-film F'; will not have undue forces arising
between that film and the substrate below, or the film on the
other side thereof, in the presence of magnetic fields which
could lead at some point to a mechanical failure of the
device.

As indicated above, the provision of an intermediate layer,
typically copper, in thicknesses below 30 A leads to increas-
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ing pin hole density as the thickness of such a layer
diminishes. The magnetic coupling field begins to rise into
the tens of oersteds as this copper thickness goes below this
25 to 30 A value (there is 51gn1ﬁcant variation with different
deposition parameter values in the sputter deposition of that
layer). Yet, as indicated above, the thickness of the inter-
mediate layer must be reduced as the thickness of the
ferromagnetic thin-films is reduced to increase the potential
for a larger giant magnetoresistive effect. The thickness of
the nonmagnetic, conductive intermediate layer is reduced
so that its shunting effect does not become too great with
- respect to the decrease in conductance of the ferromagnetic
thin-films as they are reduced in thickness. Hence, a measure
to avoid an increasing pin hole density as the intermediate
layer 1s reduced will provide a basis for achieving a higher
giant magnetoresistive effect.

Thus, an intermediate layer, I',, is provided in the form of
an eutectic alloy through including therein two metals as
components of the eutectic alloy which are substantially
immiscible with one another so that pin holes forming in the
larger fraction component are “filled in” to a substantial
degree by the smalier fraction component. Since the face-
centered cubic center of copper, and its lattice constant, are
well matched with that of second stratum F', ,, as described
above, the basic component choice of copper is made for the
eutectic alloy to form the intermediate layer. A second
component 1S chosen to be silver which has a face-centered
cubic structure like copper although it has a slightly larger
lattice constant. Silver and copper are only slightly soluble
in one another in forming solid solutions, a few tenths of a
percent, and form a eutectic alloy having a conductivity
which 1s about 2 to 3 pQ-cm which value is substantially
maintained over a wide range of relative composition of
these two metals in the resulting eutectic alloy.

Though copper is quite able to enter into solid solution
with iron, nickel and cobalt, silver is substantially immis-
cible with these materials also. Hence, a very thin film of a
copper and silver eutectic alloy can be formed as a very thin
intermediate layer in which a silver-rich phase material “fills
in” the pin holes which occur in the copper-rich phase
material constituting the bulk of thin intermediate layer I',.
The typical thickness used for such an eutectic alloy film as
intermediate layer I'; is on the order of 14 to 17 A, with
typically 15 A being chosen.

In an intermediate layer of copper alone provided by
sputter deposition, there will be strong ferromagnetic cou-
pling between the ferromagnetic thinfilms it separates,
whereas the addition to a film of the same thickness of silver
from approximately 15% to 28% by weight in the sputter
deposition process will result in antiferromagnetic coupling
of a relatively low value. Such a result can be extended to
a superlattice structure of a larger number of alternating
intermediate and ferromagnetic thin-film layers than shown
in FIG. 2 with a similar result.

The relative amount of silver in the film has been kept as
small as possible in achieving such antiferromagnetic cou-
pling both because silver by itself is known to lead to strong
ferromagnetic coupling, and because the lattice mismatch of
silver with first ferromagnetic thin-film second stratum F',
on each side thereof is significantly larger than is that of
copper. Nevertheless, keeping the relative fraction of silver
to less than 30% results in the reduction of the giant
magnetoresistive response due thereto, because of lattice
mismatch, being substantially less than the gains in the giant
magnetoresistive effect due to lowered or eliminated ferro-
magnetic coupling. In some situations, even greater fractions
of silver are expected to be suitable.
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Thus, intermediate layer I'; is formed by sputter deposi-
tion using a copper sputtering target. That copper target is
supplemented by the addition of silver tabs thereto to the
extent needed to result in the desired silver relative fraction
of the resulting eutectic alloy, a fraction typically chosen to
be 23% to give the desired result. A separate silver sputtering
deposition target could be used with a copper target or,
alternatively, a copper-silver eutectic alloy target could be
used having the same composition as is desired for films
deposited therefrom. The intermediate layer from such a
deposition step is a metastable face-centered cubic structure
which typically remains stable for a long duration within
expected temperature ranges which the device will experi-
ence thereafter. As an alternative, gold may be used in place
of silver in the eutectic alloy as it is also relatively immis-
cible in copper.

The provision of intermediate layer I'; is followed by
providing a second two-strata ferromagnetic thin-film, F',. A
lower stratum for this film, F', ,, is deposited in the same
manner as, with the result thereof being substantially the
same as, upper stratum F',_, of first ferromagnetic film F',.
Similarly, an upper stratum, F',_,, of second ferromagnetic
film F', is deposited in the same manner as, with the result
thereof being substantially the same as, lower stratum F',_,
of first ferromagnetic film F',. Finally, a tantalum nitride
layer, 12, is provided on second ferromagnetic film F', as a
passivation and protection layer. After a completion of
passivation layer 12, ion milling is used to form the abbre-
viated superlattice structure in the form of a strip supported
on layer 11". A tantalum interconnection, 13, is shown
formed across the end of the abbreviated superlattice struc-
ture and onto the upper surface of layer 12.

Thus, the abbreviated superlattice of FIG. 2 provides
antiferromagnetically coupled ferromagnetic thin-film lay-
ers separated by a nonmagnetic, conductive intermediate
layer. This structure has provided coupling fields of 10to 15
oersteds, well within the desired range of zero to 50 oersteds
to permut relatively easy manipulations of the magnetiza-
tions in the ferromagnetic thin-films of the structure by
external magnetic fields. Thus, the magnetizations in each of
ferromagnetic thin-films F'; and F', are stable when directed
antiparallel to one another in and out of the plane of the
paper on which is shown FIG. 2, i.e. along the easy axis of
the structure in that figure.

In this last magnetization condition, there is no anisotro-
pic magnetoresistive effect contribution to the resistance of
the device since any sensing current passing therethrough
from interconnection 13 on the end shown in FIG. 2 to a
similar interconnection on the opposite end of the structure,
not shown in that figure, is perpendicular to the magnetiza-
tions in both ferromagnetic thin-films. The giant magnetore-
sistive effect gives a maximum resistance in this condition
since the magnetizations of the two ferromagnetic thin-films
F, and F',, as stated above, have antiparallel magnetiza-
tions.

If an external magnetic field is applied directed into the
plane of the paper on which FIG. 2 is presented, the
anisoiropic magnetoresistive effect contribution to the resis-
tance of the device is unchanged since a sufficiently strong
external field leaves the film magnetizations parallel to one
another. However, assuming the external field is sufficient to
rotate the magnetization in the opposite direction in which it
was oriented prior to the application of the field, as occurs
for the magnetization of one of the ferromagnetic thin-films,
the giant magnetoresistive effect contribution to the resis-
tance will be minimized since the magnetizations are then
parallel to one another each oriented in the same direction.
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[f, in the alternative, the external magnetic field is applied
parallel to the strip, and so along the plane of the paper in
which FIG. 2 is provided, the giant magnetoresistive effect
contribution to the resistance will remain a minimum since
the magnetization in each of ferromagnetic thin-films F’; and
F'5 will be rotated to point in the long direction of the strip
and so be parallel to one another. On the other hand,
anisotropic magnetoresistance effect will make its maximum
contribution to the resistance since the magnetizations in
each ferromagnetic thin-film, in being paraliel to the long
direction of the strip, are also parallel to any sensing current
being conducted between interconnection 13 and its coun-
terpart at the opposite end of the strip.

Such external magnetic fields have been assumed suffi-
ciently large in the foregoing to force the magnetizations in
ferromagnetic thin-films F', and F', to become aligned with
the direction of that field. This may be appropriate for use in
a magnetoresistive state sensing memory. Alternatively, the
external fields may be such that they cause only partial
rotations in the magnetizations allowing the abbreviated
superlattice to serve as a magnetic field sensor.

Although the present invention has been described with
reference to preferred embodiments, workers skilled in the
art will recognize that changes may be made in form and
detatl without departing from the spirit and scope of the
invention.

What is claimed is:

1. A magnetoresistive thin-film layer structure, said struc-
ture comprising:

a substrate having a major surface portion;

a magnetoresistive, anisotropic first ferromagnetic thin-
film provided on said substrate major surface portion;

an intermediate layer provided on said first ferromagnetic
thin-film with a thickness of less than 30 A, said
intermediate layer being formed of a substantially
nonmagnetic, conductive alloy having two substan-
tially immiscible components therein; and

a magnetoresistive, anisotropic second ferromagnetic

thin-film provided on said intermediate layer.

2. The structure of claim 1 wherein said substrate major
surface portion is electrically insulative.

3. The structure of claim 1 wherein said first ferromag-
netic thin-film has a thickness of less than 100 A.

4. The structure of claim 1 wherein said first ferromag-
netic thin-film is a two strata film with that strata thereof at
said intermediate layer having a greater magnetic moment
than that strata remaining.

3. The structure of claim 1 wherein said intermediate layer
nas substantially that same form in that same crystal lattice
class as does said first ferromagnetic thin-film.

6. The structure of claim 1 wherein said alloy is an
cutectic alloy.

7. The structure of claim 1 wherein said substannally
immiscible components are copper and silver.

8. The structure of claim 1 wherein said substantially
immiscible components are copper and gold.

9. The structure of claim 1 wherein said second ferro-
magnetic thin-film has a thickness of less than 100 A.

10. The structure of claim 1 wherein said second ferro-
magnetic thin-film is a two strata film with that strata thereof
at said intermediate layer having a greater magnetic moment
than that strata remaining.

11. The structure of claim 1 wherein said first ferromag-
netic thin-film has that same form in that same crystal lattice
class as does said intermediate layer.

12. The structure of claim 2 wherein said substrate is an
amorphous material at said major surface portion thereof.
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13. The structure of claim 2 wherein said substrate is a
crystalline material at said major surface portion thereof.

14. The structure of claim 4 wherein said first strata of
said first ferromagnetic thin-film is on said substrate major
surface and comprises a mixture of cobalt, iron and nickel,
and wherein said second strata thereof supports said inter-
mediate layer and comprises a mixture of cobalt and iron.

15. The structure of claim 4 wherein said first strata of
said first ferromagnetic thin-film is on said substrate major
surface and has a particular form in a crystal lattice class,
and wherein satd second strata thereof supports said inter-
mediate layer and has that same form in that same crystal
lattice class as does said first strata.

16. The structure of claim 5 wherein said intermediate
layer and said first ferromagnetic thin-film each have
approximately equal lattice constants.

17. The structure of claim 6 wherein said eutectic alloy
has one said component therein in greater proportion than
that one remaining, and with that one component remaining
being present 1n said eutectic alloy in an amount sufficient to
permit antiferromagnetic coupling between said first and
second ferromagnetic thin-films.

18. The structure of claim 7 wherein said silver is present
in said copper in said alloy in an amount sufficient to permit
antiferromagnetic coupling between said first and second
ferromagnetic thin-films.

19. The structure of claim 8 wherein said gold is present
in said copper in said alloy in an amount sufficient to permit
antiferromagnetic coupling between said first and second
ferromagnetic thin-films.

20). The structure of claim 10 wherein said first strata of
said second ferromagnetic thin-film is on said intermediate
layer and comprises a mixture of cobalt and iron, and
wherein said second strata thereof is on said first strata
thereof and comprises a mixture of cobalt, iron and nickel.

21. The structure of claim 10 wherein said first strata of
said second ferromagnetic thin-film is on said intermediate
layer and has that same form in that same crystal class as
does said intermediate layer, and wherein said second strata
thereof 1s on said first strata thereof and has that same form
in that same crystal lattice class as does said first strata.

22. The structure of claim 11 wherein said intermediate
layer and said first ferromagnetic thin-film each have
approximately equal lattice constants.

23. A magnetoresistive thin-film layered structure, said

structure comprising:
a substrate having a major surface portion;

a magnetoresistive, anisotropic first ferromagnetic thin-
film provided on said substrate major surface portion;

an intermediate layer provided on said first ferromagnetic
thin-film with a thickness of less than 30 A, said
intermediate layer being formed of a substantially
non-magnetic, conductive alloy having two substan-
tially immiscible components therein; and

a magnetoresistive, anisotropic second ferromagnetic
thin-film provided on said intermediate layer, said alloy
in said intermediate layer having one said component
therein in greater proportion than that one remaining
and of a kind that permits antiferromagnetic coupling
between said first and second ferromagnetic thin-films,
and with that one component remaining being present
in said alloy in an amount sufficient to permit antifer-
romagnetic coupling between said first and second
ferromagnetic thin-films.

24. The structure of claim 23 wherein said first ferromag-
netic thin-film is a two strata film with that strata thereof at
said intermediate layer having a greater magnetic moment
than that strata remaining.
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25. The structure of claim 23 wherein said alloy is an
eutectic alloy.

26. The structure of claim 23 wherein said substantially
immiscible components are copper and silver.

27. The structure of claim 23 wherein said substantially
immiscible components are copper and gold.

28. The structure of claim 23 wherein said first and second
ferromagnetic thin-films have a thickness of less than 100 A.

29. The structure of claim 23 wherein said second ferro-
magnetic thin-film is a two strata film with that strata thereof
at saad intermediate layer having a greater magnetic moment
than that strata remaining.

30. A magnetoresistive thin-film layered structure, said
structure comprising:

a substrate having a major surface portion;

a non-magnetostrictive, magnetoresistive, anisotropic
first ferromagnetic thin-film provided on said substrate
major surface; and

a non-magnetostrictive, magnetoresistive, anisotropic
second ferromagnetic thin-film provided on said first
ferromagnetic thin-film with a magnetic moment dif-
fering therefrom to form a first composite thin-film
therewith, said first composite thin-film being substan-
tially free of magnetostriction.

31. The structure of claim 30 wherein said substrate major

surface portion is electrically insulative.

32. The structure of claim 30 wherein said first composite
thin-film has a thickness of less than 100 A.

33. The structure of claim 1 wherein said second ferro-
magnetic thin-film has a composition differing from that of
said first ferromagnetic thin-film.

34. The structure of claim 30 further comprising:

an intermediate layer provided on said second ferro
netic thin-film with a thickness of less than 50 A:

a non-magnetostrictive, magnetoresistive, anisotropic
third ferromagnetic thin-film provided on said interme-
diate layer; and

a non-magnetostrictive, magnetoresistive, anisotropic
fourth ferromagnetic thin-film provided on said third
ferromagnetic thin-film to form a second composite
thin-film therewith, said second composite thin-film

~ being substantially free of magnetostriction.

335. The structure of claim 31 wherein said substrate is an

amorphous material at said major surface portion thereof.

36. The structure of claim 32 wherein said substrate is a

crystalline material at said major surface portion thereof.
37. The structure of claim 32 wherein said second ferro-
magnetic thin-film has a thickness of less than 25 A.

38. The structure of claim 33 wherein said first ferromag-
netic thin-film has a particular form in a crystal lattice class,
and wherein said second ferromagnetic thin-film has that
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same form in that same crystal lattice class as does said first
ferromagnetic thin-film.

39. The structure of claim 33 wherein said first ferromag-
netic thin-film has a thickness differing from that of said
second ferromagnetic thin-film. |

40. The structure of claim 33 wherein said second ferro-
magnetic thin-film has a magnetic moment greater than that
of said first ferromagnetic thin-film.

41. The structure of claim 34 wherein said intermediate
layer has a thickness of less than 30 A.

42. The structure of claim 34 wherein said intermediate
layer has substantially that same form in that same crystal
lattice class and does said second ferromagnetic thin-film.

43. The structure of claim 34 wherein said intermediate
layer is formed of a substantially non-magnetic, conductive
alloy.

44. The structure of claim 34 wherein said second com-
posite thin-film has a thickness of less than 100 A.

45. The structure of claim 34 wherein said third ferro-
magnetic thin-film has a composition differing from that of
said fourth ferromagnetic thin-film.

46. The structure of claim 44 wherein said third ferro-
magnetic thin-film has a thickness of less than 25 A.

47. The structure of claim 45 wherein said third ferro-
magnetic thin-film has a thickness differing from that of said
fourth ferromagnetic thin-film.

48. The structure of claim 45 wherein said third ferro-
magnetic thin-film has a magnetic moment greater than that
of said fourth ferromagnetic thin-film. |

49. A magnetoresistive thin-film layered structure, said
structure comprising:

a substrate having a major surface portion;

a magnetoresistive, anisotropic first ferromagnetic thin-
film provided on said substrate major surface portion;

an intermediate layer provided on said first ferromagnetic
thin-film with a thickness of less than 30 A, said
intermediate layer being formed of an alloy compnsmg
copper and gold; and

a magnetoresistive, anisotropic second ferromagnetic
thin-film provided on said intermediate layer, said gold
being present in said copper in said alloy in said
intermediate layer in an amount sufficient to permit
antiferromagnetic coupling between said first and sec-
ond ferromagnetic thin-films.

30. The structure of claim 1 wherein said alloy has one

said component therein in greater proportion than that one
remaining, and with that one component remaining being
present in said alloy in an amount sufficient to permit
antiferromagnetic coupling between said first and second
ferromagnetic thin-films.
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